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Figure SPMLS. Overview of ocean storage concepts. In “dissolution type” ocean storage, the CO, rapidly dissolves in the ocean water,
whereas in “lake type” ocean storage, the CO, is initially a liquid on the sea floor (Courtesy CO2CRC).

developed further for utilization in the design and operation
of geological storage projects.

Three industrial-scale'? storage projects are in operation:
the Sleipner project in an offshore saline formation in Norway,
the Weyburn EOR project in Canada, and the In Salah project
in a gas field in Algeria. Others are planned (Sections 5.1.1,
5.2.2,53,5.6,5.9.4, Boxes 5.1, 5.2, 5.3).

8. Ocean storage potentially could be done in two ways:
by injecting and dissolving CO, into the water column
(typically below 1,000 meters) via a fixed pipeline or a
moving ship, or by depositing it via a fixed pipeline or
an offshore platform onto the sea floor at depths below
3,000 m, where CO, is denser than water and is expected
to form a “lake” that would delay dissolution of CO, into
the surrounding environment (see Figure SPM.5). Ocean
storage and its ecological impacts are still in the research
phase®.

The dissolved and dispersed CO, would become part of the
global carbon cycle and eventually equilibrate with the CO,
in the atmosphere. In laboratory experiments, small-scale
ocean experiments and model simulations, the technologies
and associated physical and chemical phenomena, which
include, notably, increases in acidity (lower pH) and their
effect on marine ecosystems, have been studied for a range
of ocean storage options (Sections 6.1.2, 6.2.1, 6.5, 6.7).

9. The reaction of CO, with metal oxides, which are
abundant in silicate minerals and available in small
quantities in waste streams, produces stable carbonates.
The technology is currently in the research stage, but
certain applications in using waste streams are in the
demonstration phase.

The natural reaction is very slow and has to be enhanced by

pre-treatment of the minerals, which at present is very energy

intensive (Sections 7.2.1,7.2.3,7.2.4, Box 7.1).

12 “Industrial-scale” here means on the order of 1 MtCO, per year.

13 “Research phase” means that while the basic science is understood, the technology is currently in the stage of conceptual design or testing at the laboratory or

bench scale and has not been demonstrated in a pilot plant.
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Figure SPM.7. These figures are an illustrative example of the global potential contribution of CCS as part of a mitigation portfolio. They are
based on two alternative integrated assessment models (MESSAGE and MiniCAM) while adopt the same assumptions for the main emissions
drivers. The results would vary considerably on regional scales. This example is based on a single scenario and, therefore, does not convey the
full range of uncertainties. Panels a and b show global primary energy use, including the deployment of CCS. Panels ¢ and d show the global
CO, emissions in grey and corresponding contributions of main emissions reduction measures in colour. Panel e shows the calculated marginal

price of CO, reductions (Section 8.3.3, Box 8.3).

and effective trapping mechanisms. There are two different
types of leakage scenarios: (1) abrupt leakage, through
injection well failure or leakage up an abandoned well, and
(2) gradual leakage, through undetected faults, fractures or
wells. Impacts of elevated CO, concentrations in the shallow
subsurface could include lethal effects on plants and subsoil
animals and the contamination of groundwater. High fluxes
in conjunction with stable atmospheric conditions could lead

to local high CO, concentrations in the air that could harm
animals or people. Pressure build-up caused by CO, injection
could trigger small seismic events.

While there is limited experience with geological storage,
closely related industrial experience and scientific knowledge
could serve as a basis for appropriate risk management,
including remediation. The effectiveness of the available
risk management methods still needs to be demonstrated
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for use with CO, storage. If leakage occurs at a storage site,
remediation to stop the leakage could involve standard well
repair techniques or the interception and extraction of the
CO, before it would leak into a shallow groundwater aquifer.
Given the long timeframes associated with geological storage
of CO,, site monitoring may be required for very long periods
(Sections 5.6, 5.7, Tables 5.4, 5.7, Figure 5.25).

23.Adding CO, to the ocean or forming pools of liquid
CO, on the ocean floor at industrial scales will alter the
local chemical environment. Experiments have shown
that sustained high concentrations of CO, would cause
mortality of ocean organisms. CO, effects on marine
organisms will have ecosystem consequences. The
chronic effects of direct CO, injection into the ocean on
ecosystems over large ocean areas and long time scales
have not yet been studied.
Model simulations, assuming a release from seven locations
at an ocean depth of 3,000 m, where ocean storage provides
10% of the mitigation effort for stabilization at 550 ppmv
CO,, resulted in acidity increases (pH decrease >0.4) over
approximately 1% of the ocean volume. For comparison
purposes: in such a stabilization case without ocean storage,
a pH decrease >0.25 relative to pre-industrial levels at
the entire ocean surface can be expected. A 0.2 to 0.4 pH
decrease is significantly greater than pre-industrial variations
in average ocean acidity. At these levels of pH change, some
effects have been found in organisms that live near the
ocean’s surface, but chronic effects have not yet been studied.
A better understanding of these impacts is required before a
comprehensive risk assessment can be accomplished. There
is no known mechanism for the sudden or catastrophic release
of stored CO, from the ocean to the atmosphere. Gradual
release is discussed in SPM paragraph 26. Conversion of
molecular CO, to bicarbonates or hydrates before or during
CO, release would reduce the pH effects and enhance the
retention of CO, in the ocean, but this would also increase the
costs and other environmental impacts (Section 6.7).

24. Environmentalimpacts of large-scale mineral carbonation
would be a consequence of the required mining and
disposal of resulting products that have no practical use.
Industrial fixation of one tonne of CO, requires between

1.6 and 3.7 tonnes of silicate rock. The impacts of mineral

carbonation are similar to those of large-scale surface mines.

They include land-clearing, decreased local air quality and

affected water and vegetation as a result of drilling, moving

of earth and the grading and leaching of metals from mining
residues, all of which indirectly may also result in habitat
degradation. Most products of mineral carbonation need to

% “Very likely” is a probability between 90 and 99%.

be disposed of, which would require landfills and additional
transport (Sections 7.2.4, 7.2.6).

Will physical leakage of stored CO, compromise
CCS as a climate change mitigation option?

25. Observations from engineered and natural analogues
as well as models suggest that the fraction retained
in appropriately selected and managed geological
reservoirs is very likely” to exceed 99% over 100 years
and is likely® to exceed 99% over 1,000 years.

For well-selected, designed and managed geological

storage sites, the vast majority of the CO, will gradually be

immobilized by various trapping mechanisms and, in that
case, could be retained for up to millions of years. Because of
these mechanisms, storage could become more secure over

longer timeframes (Sections 1.6.3,5.2.2, 5.7.3.4, Table 5.5).

26. Release of CO, from ocean storage would be gradual
over hundreds of years.

Ocean tracer data and model calculations indicate that, in the
case of ocean storage, depending on the depth of injection
and the location, the fraction retained is 65—-100% after 100
years and 30-85% after 500 years (a lower percentage for
injection at a depth of 1,000 m, a higher percentage at 3,000
m) (Sections 1.6.3, 6.3.3, 6.3.4, Table 6.2)

27. In the case of mineral carbonation, the CO, stored would
not be released to the atmosphere (Sections 1.6.3, 7.2.7).

28.1If continuous leakage of CO, occurs, it could, at least
in part, offset the benefits of CCS for mitigating climate
change. Assessments of the implications of leakage for
climate change mitigation depend on the framework
chosen for decision-making and on the information
available on the fractions retained for geological or
ocean storage as presented in paragraphs 25 and 26.
Studies conducted to address the question of how to deal with
non-permanent storage are based on different approaches:
the value of delaying emissions, cost minimization of a
specified mitigation scenario or allowable future emissions
in the context of an assumed stabilization of atmospheric
greenhouse gas concentrations. Some of these studies allow
future leakage to be compensated by additional reductions
in emissions; the results depend on assumptions regarding
the future cost of reductions, discount rates, the amount of
CO, stored and the atmospheric concentration stabilization
level assumed. In other studies, compensation is not seen as
an option because of political and institutional uncertainties,
and the analysis focuses on limitations set by the assumed



stabilization level and the amount stored. While specific
results of the range of studies vary with the methods and
assumptions made, all studies imply that, if CCS is to be
acceptable as a mitigation measure, there must be an upper
limit to the amount of leakage that can take place (Sections
1.6.4,8.4).

What are the legal and regulatory issues for
implementing CO, storage?

29. Some regulations for operations in the subsurface do exist
that may be relevant or, in some cases, directly applicable
to geological storage, but few countries have specifically
developed legal or regulatory frameworks for long-term
CO, storage.

Existing laws and regulations regarding inter alia mining,

oil and gas operations, pollution control, waste disposal,

drinking water, treatment of high-pressure gases and
subsurface property rights may be relevant to geological

CO, storage. Long-term liability issues associated with the

leakage of CO, to the atmosphere and local environmental

impacts are generally unresolved. Some States take on long-
term responsibility in situations comparable to CO, storage,

such as underground mining operations (Sections 5.8.2,

5.8.3,5.8.4).

30. No formal interpretations so far have been agreed upon
with respect to whether or under what conditions CO,
injection into the geological sub-seabed or the ocean is
compatible.

There are currently several treaties (notably the London?® and

OSPAR? Conventions) that potentially apply to the injection

of CO, into the geological sub-seabed or the ocean. All of

these treaties have been drafted without specific consideration

of CO, storage (Sections 5.8.1, 6.8.1).

What are the implications of CCS for emission
inventories and accounting?

31.The current IPCC Guidelines® do not include methods
specific to estimating emissions associated with CCS.
The general guidance provided by the IPCC can be applied
to CCS. A few countries currently do so, in combination with
their national methods for estimating emissions. The IPCC
guidelines themselves do not yet provide specific methods
for estimating emissions associated with CCS. These are
expected to be provided in the 2006 IPCC Guidelines for
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National Greenhouse Gas Inventories. Specific methods may
be required for the net capture and storage of CO,, physical
leakage, fugitive emissions and negative emissions associated
with biomass applications of CCS systems (Sections 9.2.1,
9.2.2).

32.The few current CCS projects all involve geological
storage, and there is therefore limited experience with the
monitoring, verification and reporting of actual physical
leakage rates and associated uncertainties.

Several techniques are available or under development for

monitoring and verification of CO, emissions from CCS, but

these vary in applicability, site specificity, detection limits

and uncertainties (Sections 9.2.3, 5.6, 6.6.2).

33.CO, might be captured in one country and stored in
another with different commitments. Issues associated
with accounting for cross-border storage are not unique
to CCS.

Rules and methods for accounting may have to be adjusted

accordingly. Possible physical leakage from a storage site in

the future would have to be accounted for (Section 9.3).

What are the gaps in knowledge?

34.There are gaps in currently available knowledge
regarding some aspects of CCS. Increasing knowledge
and experience would reduce uncertainties and thus
facilitate decision-making with respect to the deployment
of CCS for climate change mitigation (Section TS.10).

2 Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter (1972), and its London Protocol (1996), which has not yet entered

into force.

¥ Convention for the Protection of the Marine Environment of the North-East Atlantic, which was adopted in Paris (1992). OSPAR is an abbreviation of

Oslo-Paris.

% Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories, and Good Practice Guidance Reports; Good Practice Guidance and Uncertainty
Management in National Greenhouse Gas Inventories, and Good Practice Guidance for Land Use, Land-Use Change and Forestry
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